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SUMMARY 
I 

A wind-tunnel i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 0.3-Meter T ranson ic  
Cryogenic Tunnel t o  s tudy  the e f f e c t s  of porous ( s i n t e r e d  metal) p lug  o r i f i c e s  on 
o r i f i c e - i n d u c e d  s t a t i c - p r e s s u r e  measurement e r r o r  a t  h igh  Reynolds numbers. An NACA 
651-213 a i r f o i l  w a s  t e s t e d  a t  Mach numbers from 0.60 t o  0.80 and a t  Reynolds numbers 
from 6 x lo6 t o  40 x lo6.  D a t a  are inc luded  which compare p r e s s u r e  measurements 
o b t a i n e d  from porous p lug  o r i f i c e s  and from conven t iona l  o r i f i c e s  wi th  d i ame te r s  of 
0.025 cm (0.010 i n . )  and 0.102 an (0.040 i n . ) .  The two-dimensional a i r f o i l  code 
GRUMFOIL w a s  used t o  c a l c u l a t e  boundary-layer d i sp lacement  t h i c k n e s s .  The response  
t i m e  and t h e  downstream e f f e c t  of t h e  porous p lug  o r i f i c e  w e r e  cons ide red  i n  t h i s  
i n v e s t i g a t i o n .  The r e s u l t s  showed that  t h e  porous p lug  o r i f i c e  could  be a v i a b l e  
method of reducing  p r e s s u r e  error. The d a t a  a l s o  showed t h a t  t h e  p r e s s u r e  measure- 
ments ob ta ined  wi th  a 0.1 02-cm-diameter o r i f i c e  w e r e  very  c l o s e  t o  the  measurements 
ob ta ined  w i t h  a 0.025-cm-diameter o r i f i c e  over much of t h e  a i r f o i l  and t h a t  down- 
stream of a shock t h e  o r i f i c e  s i z e  w a s  n o t  cr i t ical .  

INTRODUCTION 

I n  the past, many experiments have been conducted t o  s t u d y  o r i f i ce - induced  
s t a t i c - p r e s s u r e  measurement error (e.g. ,  r e f s .  1-8). Recent ly ,  i n t e r e s t  i n  t h i s  work 
h a s  a r i s e n  a g a i n  because of t h e  c o n s t r u c t i o n  of h igh  Reynolds number f a c i l i t i e s .  
Prev ious  work on t h e  s u b j e c t  of o r i f i ce - induced  p r e s s u r e  measurement e r r o r  has  l e d  t o  
t h e  conc lus ion  that t h e r e  are t h r e e  main mechanisms by which a conven t iona l  o r i f i c e  
i n  subson ic  f low can induce an error i n  t h e  s t a t i c - p r e s s u r e  measurement ( r e f .  1 ) .  
These mechanisms are ( 1 )  t h e  f low d e f l e c t i n g  i n t o  t h e  o r i f i c e ,  ( 2 )  an eddy or system 
of e d d i e s  forming w i t h i n  t h e  o r i f i c e ,  and ( 3 )  t h e  p i t o t  e f f e c t  whereby t h e  f low s t a g -  
n a t e s  a t  the downstream edge of the  o r i f i c e .  These phenomena combine to  produce a 
measured p r e s s u r e  which is too  h igh .  The magnitude of t h i s  error is in f luenced  by 
t h e  fo l lowing  geometr ic  f a c t o r s :  t h e  r a t i o  of the h o l e  d i ame te r  t o  t h e  h o l e  depth;  
t h e  i n c l i n a t i o n  of t h e  h o l e  a x i s  re la t ive  t o  t h e  s u r f a c e ;  and t h e  c o n d i t i o n  of t h e  
h o l e  e n t r y  wi th  r e s p e c t  t o  roundness,  b u r r s ,  and chamfer. 

In  most wind t u n n e l s ,  t h e  boundary-layer d i sp lacement  t h i c k n e s s ,  6*, is  
g e n e r a l l y  l a r g e  compared wi th  t h e  o r i f i c e  diameter ,  d. A t  moderate Reynolds 
numbers, t h e  o r i f i c e  has  l i t t l e  e f f e c t  on the boundary l a y e r ,  and it has been found 
t h a t  t h e  o r i f i c e - i n d u c e d  p r e s s u r e  measurement e r r o r  can be cons ide red  n e g l i g i b l e .  I n  
a h igh  Reynolds number f a c i l i t y ,  6 *  can be up t o  an o r d e r  of magnitude t h i n n e r ,  so 
t h e  o r i f i c e  w i l l  m o s t  l i k e l y  have a l a r g e r  e f f e c t  on t h e  boundary l a y e r .  Most pre- 
vious work on o r i f i c e - i n d u c e d  s t a t i c - p r e s s u r e  measurement e r r o r  w a s  conducted a t  
subson ic  f low c o n d i t i o n s  f o r  which t h e  r a t i o  of d/6* w a s  less than 4 ,  va lues  
t y p i c a l  of a conven t iona l  subsonic  wind tunnel .  

To de t e rmine  i f  t h e r e  w a s  a measurable o r i f i ce - induced  p r e s s u r e  measurement 
e r r o r  a t  h igh  Reynolds numbers, an i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 7- by 
10-Foot High-speed Tunnel ( 7  x 10 HST) ( ref .  9) .  A f l a t  p l a t e  was  used t o  test  
o r i f i c e s  which were s c a l e d  models several times t h e  s i z e  of conven t iona l  o r i f i c e s .  
Though t h e  t es t  w a s  conducted a t  moderate Reynolds numbers, o r i f i c e  d iameter  w a s  used 
t o  i n c r e a s e  the va lues  of d/6* t o  s imulate  h igh  Reynolds number flow. During t h e  
test ,  a p i e c e  of s i n t e r e d  (po rous )  metal w a s  i n s t a l l e d  f l u s h  wi th  the model s u r f a c e .  



The porous metal was employed i n  an attempt to  e l i m i n a t e  t h e  mechanisms, s t a t e d  
above, which cause o r i f i ce - induced  pressure measurement error and the reby  reduce t h e  
error to a n e g l i g i b l e  amount. The data showed that  on a f l a t  plate  i n  a z e r o  or 
s l i g h t l y  adverse  p r e s s u r e  g r a d i e n t ,  t h e r e  was measurable error which inc reased  as 
o r i f i c e  diameter inc reased .  However, f o r  the or i f ice  wi th  t h e  porous metal p lug ,  t h e  
error a s s o c i a t e d  wi th  t h e  same s i z e  conven t iona l  o r i f i c e  w a s  v i r t u a l l y  e l i m i n a t e d .  

Because the  porous p lug  o r i f i c e s  had provided such f a v o r a b l e  r e s u l t s ,  t h e  con- 
c e p t  w a s  f u r t h e r  s t u d i e d  i n  t h e  Langley 0.3-Meter Transonic  Cryogenic Tunnel (0.3-m 
TCT) a t  h igh  Reynolds numbers, and the r e s u l t s  are d e s c r i b e d  h e r e i n .  An NACA 6S1-213 
a i r f o i l  w a s  t e s t e d  i n  t h e  0.3-m TCT a t  Mach numbers of 0.60 t o  0.80 and a t  Reynolds 
numbers (based on t h e  chord)  from 6 x l o6  t o  40 x lo6 .  
made to  compare porous p lug  o r i f i c e s  wi th  conven t iona l  o r i f i c e s  having-  t w o  diameters, 
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cm (0.040 i n . )  and 0.025 cm (0.010 i n . ) .  

SYMBOLS AND ABBREVIATIONS 

model span or tunne l  width,  c m  

model chord,  cm 

s e c t i o n  d rag  c o e f f i c i e n t  

s e c t i o n  l i f t  c o e f f i c i e n t  

s e c t i o n  normal-force c o e f f i c i e n t  

p r e s s u r e  c o e f f i c i e n t  

p r e s s u r e  c o e f f i c i e n t  cor responding  to  s o n i c  speed 

d iameter  of static-pressure o r i f i c e ,  cm 

shape f a c t o r ,  & * / e  

i n n e r  d iameter  

l i q u i d  n i t r o g e n  

f ree-s tream Mach number 

Reynolds number based on model chord  

root-mean-square 

t i m e ,  sec 

chordwise d i s t a n c e  measured from l e a d i n g  edge of a i r f o i l ,  cm 

spanwise d i s t a n c e  measured from l e f t  s i d e  of a i r f o i l ,  c m  

ver t ical  d i s t a n c e  measured from chord  l i n e  of a i r f o i l ,  cm 

angle  of a t t a c k ,  deg 



d e f i n e d  i n  equa t ion  ( 4 )  

boundary-layer d i sp lacement  th i ckness ,  cm 

Y/(b/2) 

boundary-layer momentum t h i c k n e s s ,  c m  

WIND-TUNNEL DESCRIPTION 

The NACA 6S1-213 a i r f o i l  model w a s  t e s t e d  i n  t h e  20- x 60-cm two-dimensional 
t es t  s e c t i o n  of the  0.3-m TCT. A photograph of t h e  t u n n e l  is  shown i n  f i g u r e  1 ( a ) ,  
and a schemat ic  drawing showing some p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  t u n n e l  is shown 
i n  f i g u r e  l ( b ) .  F igure  2 is  a photograph showing t h e  model i n s t a l l e d  i n  t h e  
20- x 60-cm two-dimensional test  s e c t i o n .  I n  t h e  photograph, t h e  plenum l i d  and 
test-section c e i l i n g  have been removed t o  show model i n s t a l l a t i o n .  Th i s  t u n n e l  is a 
cont inuous  flow, fan-dr iven ,  t r a n s o n i c  tunne l  which uses  n i t r o g e n  gas as t h e  tes t  
medium. I t  is capab le  of o p e r a t i n g  a t  tempera tures  vary ing  from abou t  80 K (-316'F) 
t o  about 327 K (129'F) and s t a g n a t i o n  p res su res  ranging  from s l i g h t l y  g r e a t e r  than 
1 a t m  t o  6 a t m  (1  a t m  = 101.325 kPa).  Tes t - sec t ion  Mach number can be v a r i e d  from 
abou t  0.20 t o  0.85. The a b i l i t y  t o  o p e r a t e  a t  c ryogen ic  tempera tures  and modera te ly  
h i g h  to ta l  p r e s s u r e  p rov ides  a very  h igh  Reynolds number c a p a b i l i t y  a t  model l oad ings  
which are l o w  r e l a t ive  to  those  a t  which t h e  same Reynolds number is ob ta ined  a t  
ambient temperatures and very  h igh  t o t a l  pressure. More d e t a i l e d  operational i n f o r -  
mation can be found i n  r e f e r e n c e s  10, 11 ,  and 12. 

MODEL DESCRIPTION 

F igure  3 shows a schemat ic  drawing of the NACA 651-213 a i r f o i l  model used i n  
t h i s  i n v e s t i g a t i o n .  Th i s  two-dimensional p re s su re  model has a chord of 15.24 c m  
(6.00 i n . ) ,  a span of 20.17 cm (7.94 i n . ) ,  and s t a t i c - p r e s s u r e  o r i f i c e s  l o c a t e d  o n l y  
on t h e  upper s u r f a c e .  The model w a s  cons t ruc t ed  from a h igh - s t r eng th  steel  a l l o y ,  
and t h e  f a b r i c a t i o n  t o l e r a n c e  of the  model coord ina te s  w a s  w i t h i n  iO.005 c m  
(0.002 i n . ) .  The s u r f a c e  f i n i s h  on t h e  upper s u r f a c e  of the model w a s  s e c i f i e d  t o  
be 0.4 pm ( 1 6  x i n . )  RMS, and on t h e  lower s u r f a c e  0.8 pm (32  x lo-' i n . )  RMS. 

For the f i r s t  t u n n e l  e n t r y ,  the o r i f i c e s  w e r e  l o c a t e d  as shown i n  f i g u r e  4 ( a ) .  
Three chordwise rows of s t a t i c - p r e s s u r e  o r i f i c e s  w e r e  i n s t a l l e d  near  t h e  midspan. 
Porous ( s i n t e r e d  metal) p lug  o r i f i c e s  w e r e  i n s t a l l e d  on t h e  c e n t e r l i n e  wi th  0.025-cm- 
d i ame te r  (0.010-in.) and 0.102-cm-diameter (0.040-in.) o r i f i c e s  t o  e i t h e r  s i d e .  The 
0.025-cm-diameter o r i f i c e  w a s  chosen because it is the s t a n d a r d  o r i f i c e  s i z e  used i n  
models t e s t e d  i n  t h e  0.3-m TCT. This  o r i f i c e  is cons ide red  t o  p rov ide  " c o r r e c t "  
measurements and w a s  used as t h e  s t a n d a r d  f o r  comparison purposes .  The 0.102-cm- 
d i ame te r  c o n v e n t i o n a l  o r i f i c e  w a s  s i z e d  to match t h e  0.102-cm d iame te r  of t h e  porous 
p lugs .  There w e r e  a l s o  t h r e e  spanwise rows of 0.025-cm-diameter o r i f i c e s  (see 
f i g .  4 ( a ) )  t o  i n v e s t i g a t e  t h e  two-dimensionality of the  f low over  t h e  a i r f o i l .  Nine 
0.025-cm-diameter o r i f i c e s  were grouped near t h e  l e a d i n g  edge to  s t u d y  t h e  downstream 
e f f e c t s  of t h e  porous p lug  o r i f i c e .  

The i n i t i a l  i n s t a l l a t i o n  of porous plug o r i f i c e s  w a s  made by d i f f u s i o n  bonding 
t h e  porous metal i n  the  end of a type  347 s t a i n l e s s  steel  tube which had an i n n e r  
d i ame te r  of 0.102 c m  (0.040 i n . )  and an ou te r  d iameter  of 0.152 c m  (0.060 i n . ) .  The 
tube  w a s  t hen  a t t a c h e d  to  t h e  model w i th  an  adhes ive .  A s k e t c h  of t h e  method of 
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i n s t a l l a t i o n  is shown i n  f i g u r e  4 ( b ) .  To keep  t h e  thermal  p r o p e r t i e s  of the pieces 
as s imilar  as p o s s i b l e ,  t ype  347 s t a i n l e s s  steel  w a s  also used to  manufacture  t h e  
s i n t e r e d  metal  f o r  the porous plug. The porous p lug  w a s  s p e c i f i e d  t o  be 0.160-cm 
(0.063-in.) t h i c k  wi th  a f i l t r a t i o n  r a t i n g  of 20 m (7 .9  x i n . )  and to  be i n -  
s t a l l e d  f l u s h  wi th  the end of t h e  tub ing .  (The f i l t r a t i o n  r a t i n g  s p e c i f i e s  the s i z e  
of a contaminant p a r t i c l e  which would be r e t a i n e d  by t h e  porous metal and is used 
h e r e i n  to  i d e n t i f y  the material.) F igu re  5 i s  a close-up of t h e  model upper s u r f a c e  
showing t h e  porous p lug  o r i f i c e s  i n s t a l l e d  i n  t h e  a i r f o i l .  

The o r i g i n a l  method of i n s t a l l a t i o n  d i d  n o t  keep t h e  porous p lug  o r i f i c e s  f l u s h  
wi th  t h e  model s u r f a c e  d u r i n g  c ryogenic  t e s t i n g ;  t h e r e f o r e ,  t h e  model w a s  modi f ied  
s l i g h t l y  as shown i n  f i g u r e  6 ( a )  for t h e  second tunne l  e n t r y .  E i g h t  of the 0.102-cm- 
d iameter  (0.040-in.) conven t iona l  o r i f i c e s  were f i l l e d  wi th  c ryogenic  s t r u c t u r a l  
adhes ive  and were sanded smooth wi th  the model s u r f a c e .  The remaining f i v e  0.102-cm- 
d iameter  ho le s  nea r  t h e  l e a d i n g  edge (see f i g .  6 ( a ) ) ,  were used to  test a new method 
of i n s t a l l i n g  porous metal i n t o  o r i f i c e s ,  which is ske tched  i n  f i g u r e  6 ( b ) .  For the 
new method of i n s t a l l a t i o n ,  t h e  porous p lugs  w e r e  c u t  from type  316 s t a i n l e s s  steel  
s i n t e r e d  metal which had a f i l t r a t i o n  r a t i n g  of 20 pm. Type 316 s t a i n l e s s  steel  w a s  
used i n s t e a d  of t ype  347 s t a i n l e s s  steel because t h e  c o e f f i c i e n t s  of expansion were 
n e a r l y  t h e  same, and type  316 s t a i n l e s s  steel w a s  r e a d i l y  a v a i l a b l e .  The p luqs  were 
c u t  on a s l i g h t  taper, wi th  t h e  l a r g e s t  par t  of t h e  t a p e r  be ing  s l i g h t l y  l a r q e r  t han  
t h e  h o l e  d iameter ,  and w e r e  p r e s s e d  i n t o  t h e  h o l e s  by hand. The p lugs  w e r e  t hen  
l i g h t l y  f i l e d  to  make them f l u s h  with t h e  model s u r f a c e .  

TEST DESCRIPTION 

The model w a s  tested i n  t h e  0.3-m TCT a t  Mach numbers from 0.60 t o  0.80 and a t  
Reynolds numbers (based on the chord)  from 6 x lo6 t o  40 x l o6  ove r  an  angle-of- 
a t t a c k  range of - l o  t o  3O. The Reynolds number and Mach number ranges  used i n  these 
test programs are shown i n  f i g u r e  7. P r i o r  to  data be ing  taken ,  t h e  model w a s  
a l lowed to  reach thermal  equ i l ib r ium.  All runs  were made wi th  boundary-layer  t r a n s i -  
t i o n  l o c a t i o n  unf ixed .  Though t h e  t r a n s i t i o n  l o c a t i o n  w a s  n o t  f i x e d ,  based on pre- 
v ious  exper ience  it w a s  e s t ima ted  t h a t  t h e  a i r f o i l  t r a n s i t i o n e d  b e f o r e  10  p e r c e n t  of 
t h e  chord.  The f l o w  w a s  expected t o  have t r a n s i t i o n e d  by t h i s  p o i n t  because of h igh  
n o i s e  l e v e l s  i n  t h e  0.3-m TCT ( r e f .  1 3 ) ,  and because o r i f i c e s  tend  to  d i s t u r b  the 
f low l o c a l l y  and induce t u r b u l e n t  f low over  a l l  downstream o r i f i c e s  ( r e f .  1 4 ) .  

DISCUSSION OF RESULTS 

R e p e a t a b i l i t y  

To i n s u r e  the c o n s i s t e n c y  of the wind-tunnel r e s u l t s ,  repeat d a t a  w e r e  t aken  f o r  
each angle-of -a t tack  sweep, and a few r e p e a t  d a t a  p o i n t s  were taken  a t  t h e  end of t h e  
tes t  f o r  comparison wi th  d a t a  ob ta ined  a t  the beginning  of the test. F igu res  8 
through 11 a r e  t y p i c a l  f o r  each type  of repeat d a t a .  Repeat  d a t a  comparing tunne l  
e n t r i e s  are a l s o  shown i n  f i g u r e  12. The v a r i a t i o n s  i n  d a t a  between tunne l  e n t r i e s  
could be a t t r i b u t e d  t o  a s l i g h t  d i f f e r e n c e  i n  ang le  of a t t a c k  induced by t h e  minor 
t u n n e l  geometry changes a t  d i f f e r e n t  tempera tures .  
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Two-Dimensionali t y  of Flow , , 
To s t u d y  the  two-dimensionality of t h e  flow over  t h e  NACA 651-213 model, t h r e e  

spanwise rows of o r i f i c e s  were l o c a t e d  on the model. These were p laced  a t  x/c 
I l o c a t i o n s  of 0.138, 0.417, and 0.790. Shown i n  f i g u r e s  13 and 14 are r e p r e s e n t a t i v e  

samples of t h e  p r e s s u r e s  measured a t  these spanwise rows f o r  bo th  t u n n e l  e n t r i e s .  It  
, can be seen  from t h e s e  f i g u r e s  t h a t  t h e  flow near t h e  c e n t e r l i n e  of t h e  model can be 
I cons ide red  two-dimensional. 

measured i n  t h e  r eg ion  una f fec t ed  by upstream o r i f i c e s .  

I E f f e c t  on O r i f i c e s  Downstream 

The r e sponse  t i m e s  of t h e  porous p lug  o r i f i c e s  used i n  t h e  model w e r e  s t u d i e d  
p r i o r  to  t e s t i n g .  The response  t i m e  of the tubes  w a s  measured by connec t ing  the  open 
end of t h e  tube  c o n t a i n i n g  t h e  porous p lug  t o  a p r e s s u r e  of 0.68 a t m  (10 p s i g )  whi le  

1 t h e  porous p lug  end w a s  t i g h t l y  s e a l e d .  With t h i s  arrangement,  when t h e  seal w a s  
removed from t h e  porous p lug  end, t h e  t i m e  r equ i r ed  f o r  t h e  o r i f i c e  t o  l e a k  from 

1 0.68 a t m  t o  0 atm ( 0  p s i g )  could  be determined and w a s  cons ide red  t o  be t h e  response  
t i m e .  For t h e  porous p lug  o r i f i c e s  t e s t e d  i n  t h i s  model, t h e  l e n g t h  of t i m e  r e q u i r e d  
v a r i e d  from 6 t o  20 sec, depending on the  p o r o s i t y  of t h e  material ( t h e  pe rcen tage  of 

~ void  volume w i t h i n  the s t r u c t u r e )  and t h e  th i ckness  of t h e  porous plug. (Though the  
p o r o s i t y  and t h i c k n e s s  of t h e  porous material w e r e  s p e c i f i e d  t o  be the  same f o r  a l l  
p l u g s ,  t h e r e  w e r e  s l i g h t  d i f f e r e n c e s  which had no impact on t h e  s t a t i c - p r e s s u r e  mea- 

f a c t o r s  r e l a t i n g  to  t h e  reponse t i m e  are t h e  o r i f i c e  d i ame te r ,  t h e  tube d i ame te r ,  t h e  
t r a n s d u c e r  volume, and t h e  l e n g t h  of t h e  tubing connec t ing  the  o r i f i c e  to  t h e  t r a n s -  
ducer .  The r e sponse  t i m e  f o r  a conven t iona l  0.025-cm-diameter (0.010-in.) o r i f i c e  is 
a b o u t  5 sec. However, f o r  a porous p lug  o r i f i c e ,  t h e  i n c r e a s e d  response  t i m e  would 
be caused by the r e s t r i c t i o n  a t  t h e  s u r f a c e .  

l surement.)  For a conven t iona l  o r i f i c e ,  which is b a s i c a l l y  an open h o l e ,  the  major 

1 

I 

The f i r s t  run of t h e  test  w a s  used to  determine t h e  n e c e s s a r y  d e l a y  t i m e  once 
t h e  t u n n e l  had been s t a b i l i z e d  a t  t h e  s p e c i f i e d  c o n d i t i o n s ,  b e f o r e  s t e a d y  p r e s s u r e  

(0.010-in.) o r i f i c e  and a porous p lug  o r i f i c e  a t  x/c = 0.025 and a 0.025-cm- 
d i a m e t e r  (0.010-in.) o r i f i c e  and a porous plug o r i f i c e  a t  x/c = 0.417, were 

I data cou ld  be taken.  To do t h i s ,  the s i g n a l s  from f o u r  o r i f i c e s ,  a 0.025-cm-diameter 
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connected  t o  an o s c i l l o g r a p h ,  which provided  traces of t h e  measured p r e s s u r e s .  
F igu re  16 shows a sample of t h e s e  r e s u l t s  from a run  made a t  M, = 0.60 and 

A t  t h e  beqinninq  
o f  t h i s  run ,  t = 0 sec, t h e  t u n n e l  c o n d i t i o n s  w e r e  be inq  h e l d  c o n s t a n t .  J u s t  b e f o r e  
t = 10 sec, the  ang le  of a t t a c k  of t h e  model w a s  i n c r e a s e d  by l o .  From f i g u r e  IF;, i t  
can  be seen t h a t  it t a k e s  abou t  40 sec f o r  t h e  pressure measurements t o  s t a b i l i z e  
aga in .  Though t h i s  appears  t o  be a c o n s i d e r a b l y  longe r  pe r iod  of t i m e  t han  t h e  
r e sponse  t i m e  p r e v i o u s l y  s t a t e d ,  it should  be noted  t h a t  t h i s  l e n g t h  of t i m e  a lso 
inc luded  t h e  t i m e  necessa ry  t o  s t a b i l i z e  t h e  t u n n e l  c o n d i t i o n s  aEter t h e  change i n  
a o f  l o .  

= 15 x lo6.  The t i m e  scale is provided as a p o i n t  of r e f e r e n c e .  RC 

The second method used t o  s t u d y  response  t i m e  d u r i n g  t h e  test w a s  t o  obta in  d a t a  
p o i n t s  a t  s e v e r a l  t i m e  i n t e r v a l s  a f t e r  t u n n e l  c o n d i t i o n s  w e r e  s t a b i l i z e d .  The t u n n e l  
c o n d i t i o n s  were achieved  and s t a b i l i z e d  as r a p i d l y  a s  p o s s i b l e ,  t hen  a d a t a  p o i n t  w a s  
immediately taken ( t  = 0 sec) . Data were then  t aken  a t  t = 10 sec, t = 20 sec, 
t = 30 sec, and t = 50 sec. A s  can be seen  i n  f i g u r e  17,  once t h e  t u n n e l  c o n d i t i o n s  
had been s t a b i l i z e d ,  t h e  p r e s s u r e  measurements on t h e  model had also s t a b i l i z e d .  
The re fo re ,  d a t a  could  be taken  immediately a f t e r  a c h i e v i n g  t h e  d e s i r e d  test  condi- 
t i o n s ,  even with t h e  porous p lug  o r i f i c e s .  

P r e s s u r e  D i s t r i b u t i o n s  

Shown i n  f i g u r e s  18 and 19 are r e p r e s e n t a t i v e  p r e s s u r e  d i s t r i b u t i o n s  o b t a i n e d  on 
Each p l o t  shows t h e  p r e s s u r e  t h e  NACA 651 -213 a i r f o i l  d u r i n g  t h e  f i r s t  t unne l  e n t r y .  

d i s t r i b u t i o n  measured by t h e  t h r e e  chordwise rows of o r i f i c e s :  t h e  porous p luq  
o r i f i c e s ,  t h e  0.025-cm-diameter (0.010-in.)  o r i f i c e s ,  and t h e  0.102-cm-diameter 
(0 .040-in.)  o r i f i c e s .  The p r e s s u r e s  shown i n  f i g u r e s  18 and 19 are t h e  measured 
pressures and have n o t  been c o r r e c t e d  f o r  s i d e w a l l  or t o p  and bottom w a l l  
i n t e r f e r e n c e .  

I n  p lanning  f o r  t h i s  tes t ,  t h e  0.025-cm-diameter (0.OlO-in.) orifices w e r e  
chosen t o  provide  t h e  " r e fe rence"  measurements. Based on t h e  r e s u l t s  ob ta ined  i n  t h e  
p r e v i o u s l y  mentioned f l a t  p la te  s tudy  i n  t h e  7 x 10 HST ( r e f .  91, t h e  0.102-cm- 
diameter (0.040-in.) o r i f i c e s  w e r e  chosen because it was thouqht  t hey  would p rov ide  
p r e s s u r e  measurements t h a t  were ve ry  much i n  e r r o r  because of t h e  l a r g e  h o l e  d i ame te r  
compared wi th  t h e  boundary-layer  d i sp lacement  t h i c k n e s s .  From t h e  p rev ious  test  i n  
t h e  7 X 10 HST ( r e f .  9), it w a s  expec ted  t h a t  t h e  porous p lug  o r i f i c e s  would p rov ide  
a p r e s s u r e  measurement t h a t  was less i n  error (a  more n e g a t i v e  p r e s s u r e  measurement) 
t h a n  even t h e  0.025-cm o r i f i c e s .  The r e s u l t s  i n  f i g u r e s  1 8  and 19 show t h a t  t h i s  d i d  
n o t  happen. With measurements from t h e  0.025-cm o r i f i c e s  as the " r e f e r e n c e , "  n e a r  
t h e  l e a d i n g  edge, measurements from t h e  0.102-cm o r i f i c e s  seem to  be o n l y  s l i g h t l y  i n  
error (more p o s i t i v e  v a l u e s  1 , whereas measurements from t h e  porous p luq  o r i f i c e s  
have more e r r o r .  The porous p lug  o r i f i c e  p r e s s u r e  measurements were i n  error because 
of problems with t h e  method of i n s t a l l a t i o n ,  which w e r e  d i s c u s s e d  i n  t h e  s ec t ion  on 
model d e s c r i p t i o n .  Moving toward t h e  t r a i l i n g  edge,  t h e s e  d i f f e r e n c e s  l e s s e n .  I n  
f a c t ,  beyond 30 p e r c e n t  of t h e  chord,  t h e  measurements ob ta ined  from t h e  0.025-cm 
o r i f i c e s  and the  0.102-cm o r i f i c e s  are ve ry  n e a r l y  t h e  same, whi l e  t h e  porous p lug  
o r i f i c e  measurements are s t i l l  i n  e r r o r .  Near t h e  t r a i l i n g  edge of t h e  a i r f o i l  or  
downstream of t h e  shock,  where t h e  boundary l a y e r  h a s  th ickened  c o n s i d e r a b l y ,  t h e  
s i z e  of t h e  o r i f ice  does n o t  seem t o  be a concern ,  as a l l  o r i f i c e s  p rov ide  approxi -  
mate ly  t h e  same p r e s s u r e  measurement. 

Cp 

The agreement between t h e  0.102-cm (0.040-in.)  o r i f i c e s  and t h e  0.025-cm 
(0.010-in.)  o r i f i c e s  is q u i t e  s u r p r i s i n g  and w a s  n o t  expec ted  based on p r e v i o u s  
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, research ( r e f s .  2, 6, and 9 ) .  However ,  t h e  r e s u l t s  ob ta ined  i n  t h e  other i n v e s t i g a -  
' t i o n s  w e r e  from z e r o  o r  s l i g h t l y  adve r se  p re s su re  g r a d i e n t  f lows on a model w i th  no 
streamwise c u r v a t u r e  , whereas t h e  r e s u l t s  from t h i s  i n v e s t i g a t i o n  w e r e  ob ta ined  on a n  
a i r f o i l  €o r  which i n i t i a l l y  t h e r e  w a s  a h i g h l y  f a v o r a b l e  p r e s s u r e  g r a d i e n t .  The 
model c u r v a t u r e  or t h e  f a v o r a b l e  pressure g r a d i e n t  a t  t h e  l e a d i n g  edge could  have 
been a Eactor i n  reducing  t h e  expec ted  induced error a s s o c i a t e d  wi th  t h e  0.102-cm 
o r i f i c e .  

Shown i n  f i g u r e s  20 and 21 are p r e s s u r e  d i s t r i b u t i o n s  from t h e  second e n t r y .  I n  
t h e  r e g i o n  ve ry  nea r  t h e  l e a d i n g  edge ( u p  t o  about  x/c  = 0.1 1 , where t h e  boundary 
l a y e r  i s  very  t h i n ,  t h e  newly i n s t a l l e d  porous p lug  o r i f i c e s  seem t o  p rov ide  a more 
a c c u r a t e  measurement, or a more negative value of C t han  t h e  0.025-cm (0.010-in.)  
o r i f i c e s .  A s  t h e  boundary l a y e r  t h i c k e n s  , the  d i f f e r e n c e  i n  measurements between t h e  
new porous p l u g  o r i f i c e s  and t h e  0.025-cm o r i f i c e s  l e s s e n s  u n t i l  t h e  measurements are 
t h e  same. Though measurements w e r e  ob ta ined  f rom t h e  o r i g i n a l  porous plug orifices 
i n  t h e  second e n t r y ,  t h e  d a t a  are n o t  shown i n  f i q u r e s  20 and 21, s i n c e  t h e  method of 
i n s t a l l a t i o n  d id  n o t  r e t a i n  the o r i f i c e s  f l u s h  w i t h  t h e  model su rSace  d u r i n q  cryo- 
g e n i c  t e s t i n g .  

P' 

T h e o r e t i c a l  Comparisons 

The GRUMFOIL code ( r e f .  15)  was used t o  e s t i m a t e  t h e  boundary-layer  d i sp l acemen t  
t h i c k n e s s ,  6*, on the a i r f o i l  ( f i g .  22 ) .  To v e r i f y  t h e  r easonab leness  of t h e  6* 
c a l c u l a t i o n s ,  p r e s s u r e  data ob ta ined  on t h e  NACA 651-213 a i r f o i l  i n  the f i r s t  e n t r y  
w e r e  compared wi th  c a l c u l a t e d  t h e o r e t i c a l  p r e s s u r e  d i s t r i b u t i o n s  ( f i q s .  23  and 24 ) .  
The t h e o r e t i c a l  code GRUMFOIL w a s  used because it is cons ide red  "s ta te  of t h e  a r t "  
f o r  two-dimensional a i r f o i l s  and would t h e r e € o r e  p rov ide  t h e  m o s t  accurate t h e o r e t i -  
ca l  r e s u l t s  w i t h  which t h e  expe r imen ta l  r e s u l t s  could  be compared. The c a l c u l a t e d  
v a l u e s  w e r e  based on a n  e s t i m a t e d  t r a n s i t i o n  l o c a t i o n  of x/c  = 0.10. 

The comparisons of t h e  corrected experimental  d a t a  wi th  t h e  t h e o r e t i c a l  GRUMFOIL 
resu l t s  ( f i g s .  23 and 24) show t h a t  f o r  t h e  most p a r t ,  GRUMFOIL does  a n  e x c e p t i o n a l  
job of modeling t h e  f low around a two-dimensional a i r f o i l .  The va lues  of 6* i n  
f i g u r e  22 c a n  t h e n  be cons ide red  r e a s o n a b l e  estimates. Based on t h e  c a l c u l a t e d  6* 
( f i g .  221, t h e  v a l u e s  of d/6* w e r e  found t o  range  from a b o u t  20 to  200 n e a r  t h e  
l e a d i n g  edge. The r a t io  of d/6* dec reased  to abou t  0.3 n e a r  t h e  model t r a i l i n g  
edge. This tes t  d i d  ex tend  t h e  ranqe of d/6* beyond va lues  p r e v i o u s l y  a v a i l a b l e  
and i n t o  the range  expec ted  t o  be seen i n  hiqh Reynolds number t e s t i n g .  

Only a f e w  t e s t  c o n d i t i o n s  were able t o  be run  wi th  GRUMFOIL because of l imi ta -  
t i o n s  imposed on t h e  p r e s e n t  i n v e s t i g a t i o n .  
s t u d y  h a s  o r i f i c e s  o n l y  on t h e  upper s u r f a c e ,  c, could  n o t  be c a l c u l a t e d .  S i n c e  
the wake r a k e  w a s  n o t  i n s t a l l e d  €or t h i s  i n v e s t i g a t i o n ,  
However ,  prior t o  t h i s  test ,  a d i f f e r e n t  NACA 651-213 a i r f o i l  model had been t e s t e d  
i n  t h e  0.3-m TCT ( r e f .  1 6 ) .  F igure  25 shows a p r e s s u r e  d i s t r i b u t i o n  from t h e  pre- 
v i o u s  NACA 6S1-213 a i r f o i l  test compared wi th  t h e  pressures measured by t h e  0.025-cm- 
d i a m e t e r  (0.010-in.) o r i f i c e s  i n  t h e  p r e s e n t  test .  The 0.025-cm o r i f i c e s  w e r e  used 
f o r  the comparison, as t h e  NACA 651-213 model from t h e  p rev ious  program had o r i f i c e s  
which were 0.025 c m  i n  d i ame te r .  As can be seen from f i g u r e  25, which w a s  represen-  
t a t i ve  of a l l  comparisons made, t h e  p r e s s u r e  d i s t r i b u t i o n s  ove r  t h e  t w o  models a g r e e  
ve ry  w e l l  on t h e  upper s u r f a c e .  Because the p r e s s u r e s  from t h e  t w o  models matched so  
w e l l ,  it w a s  assumed t h a t  t h e  c l  va lues ,  computed from p r e s s u r e  measurements, and 
t h e  cd v a l u e s  c a l c u l a t e d  from t h e  t r a v e r s i n g  wake probe on t h e  model i n  re€er- 
ence 16, could be used for t h e  p r e s e n t  NACA 651-213 model w i t h  the porous p lug  

Because t h e  NACA 6S1-213 model i n  t h i s  

Cd cou ld  n o t  be determined.  
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orifices.  A l i m i t e d  number of runs  from the t w o  tests had been made a t  the same M, 
and R,. These runs were used to  c a l c u l a t e  t h e  va lues  of 6 * .  

S i n c e  GRUMFOIL g e n e r a t e s  r e s u l t s  for a two-dimensional a i r f o i l  i n  f r e e  a i r ,  t h e  
exper imenta l  d a t a  (&, c , )  were corrected f o r  t u n n e l  w a l l  i n t e r f e r e n c e .  
Reference 17  i n d i c a t e d  tha t  t h e  s lo t ted  w a l l  i n  t h e  f loor  and c e i l i n g  of the two-  
d imens iona l  t es t  s e c t i o n  i n  t h e  0.3-m TCT had been des igned  f o r  z e r o  blockage.  
Reference 1 8  shows tha t  it is n o t  as c r i t i ca l  t o  correct f o r  t h e  so l id  blockage 
e f f e c t s  as it is to  correct f o r  s i d e w a l l  boundary-layer e f f e c t s  i n  t h e  0.3-m TCT when 
t h e  s l o t t e d  wal l s  are i n s t a l l e d  f o r  t h e  f l o o r  and c e i l i n g .  S ince  the s l o t t e d  w a l l s  
were used f o r  t h e  f l o o r  and c e i l i n g ,  t h e  d a t a  w e r e  on ly  corrected f o r  s i d e w a l l  i n t e r -  
f e r e n c e  by the  method p resen ted  by Sewall  i n  r e f e r e n c e  19. This  method ex tends  the 
subsonic  s i m i l a r i t y  r u l e  d e r i v e d  by Barnwell  (ref. 20) t o  t r a n s o n i c  c o n d i t i o n s .  The 
c o r r e c t i o n s  fo r  f ree-s t ream Mach number, p r e s s u r e  c o e f f i c i e n t ,  and s e c t i o n  normal- 
f o r c e  c o e f f i c i e n t ,  g iven  i n  r e f e r e n c e  19, are as fo l lows:  

Cp, and 

MCCl 

and 

where 

6 = [ 1  - M m + - ( 2 + - -  2 26* b H M t ) ]  1 / 2  
- 

The above values  which are "double ba r red"  are corrected va lues ,  while the unbarred 
va lues  are uncorrec ted .  A l s o  no te  t h a t  b is t h e  t u n n e l  width.  

CONCLUDING REMARKS 

With the  advent  of h igh  Reynolds number f a c i l i t i e s ,  t h e  boundary l a y e r  on models 
t e s t e d  i n  these f a c i l i t i e s  has  become much t h i n n e r .  I n  the h igh  Reynolds number 
f a c i l i t i e s ,  a boundary-layer d i sp l acemen t  t h i c k n e s s  much smaller than  t h e  o r i f ice  
d iameter  can cause o r i f i c e - i n d u c e d  static-pressure measurement error to  become a 
concern once aga in .  
Tunnel t o  s tudy t h e  error induced by s e v e r a l  o r i f ice  s i z e s  showed t h a t  the error 
inc reased  as the  r a t i o  of h o l e  d i ame te r  to  boundary-layer  d i sp lacement  t h i c k n e s s  

A p rev ious  i n v e s t i g a t i o n  i n  t h e  Langley 7- by 10-Foot High-speed 
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1 
I i nc reased ;  however, a piece of s i n t e r e d  (porous)  metal i n s t a l l e d  i n  a large h o l e  

reduced t h e  e r r o r  t o  a n e g l i g i b l e  amount. 

To f u r t h e r  s tudy  the  porous p lug  o r i f i c e s ,  an  experiment  was conducted i n  the 
Langley 0.3-Meter Transonic  Cryogenic Tunnel on a NACA 6S1-213 a i r f o i l  a t  Mach 
numbers from 0.60 t o  0.80 and Reynolds numbers (based on the chord)  from 6 x IO6 t o  
40 x lo6.  
from o r i f i c e s  wi th  d iameters  of 0.025 c m  (0.010 i n . )  and 0.102 c m  (0.040 i n . ) .  It  
w a s  found t h a t  i f  t he  porous p lug  w a s  c a r e f u l l y  made t o  be f l u s h  wi th  t h e  s u r f a c e  of 
t h e  model, then the porous p lug  o r i f i c e  could be a v i a b l e  method of reducing o r i f i c e -  
induced static-pressure e r r o r .  The b e n e f i t s  of the porous p lug  o r i f i c e  i n  reducing 
o r i f i ce - induced  static-pressure error are n o t i c e a b l e  on ly  on about  t h e  f i r s t  10 per- 
c e n t  of t h e  a i r f o i l  chord,  aEter which t h e  d i f f e r e n c e  i n  s t a t i c - p r e s s u r e  e r r o r  
between the porous p lug  o r i f i c e  and t h e  convent iona l  0.025-cm-diameter o r i f i c e  is 
n e g l i g i b l e .  The porous plug o r i f i c e  would a l s o  be b e n e f i c i a l  i n  e l i m i n a t i n g  e r r o r s  
induced by h o l e s  tha t  were out-of-round, had b u r r s ,  or w e r e  chamfered. The o r i f i c e -  
induced p r e s s u r e  e r r o r  a s s o c i a t e d  wi th  the measurements made by 0.102-cm-diameter 
o r i f i c e s  w a s  less than expected,  even i n  the leading-edge reg ion .  ( P o s s i b l y  the  
model c u r v a t u r e  and/or t h e  f avorab le  p r e s s u r e  g r a d i e n t  could have been a f a c t o r  i n  
reducing  the p r e s s u r e  e r r o r . )  It appears t h a t  downstream of about  30 p e r c e n t  of the 
chord,  an o r i f  ice larger than  the  convent iona l  0.025-cm-diameter o r i f i c e  could  be 
used with minimal e f f e c t  on measured pressure error. Downstream of the shock wave, 
t h e  boundary l a y e r  has  th ickened  and, as w a s  expected,  t h e  pressure measurements i n  
t h i s  r eg ion  d i d  no t  appear  to  be a f u n c t i o n  of o r i f i c e  s i z e  over  the range of 
o r i f i c e s  t e s t e d .  

Measurements from porous p lug  o r i f i c e s  were compared wi th  measurements 

NASA Langley Research Center  
Hampton, VA 23665-5225 
November 6, 1985 
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(a) Photograph. 

(b) Schematic drawing. 

Figure 1 .- Elevation View of 0.3-m TCT with two-dimensional test section installed. 
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Figure 2.- NACA 651-213 model installed in two-dimensional test section of 0.3-m TCT. I 
I 
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(All dimensions are i n  cent imeters . )  
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F igu re  4.- Model c o n s t r u c t i o n  f o r  f i r s t  t u n n e l  e n t r y .  
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